This case-control study identified the association between the arsenic methylation capacity and developmental delays and explored the association of this capacity with the health status of children. We recruited 120 children with developmental delays and 120 age-and sex-matched children without developmental delays. The health status of the children was assessed using the Pediatric Quality of Life Inventory (PedsQL) and Pediatric Outcomes Data Collection Instrument (PODCI). Exposure to environmental toxicants can affect health, particularly that of foetuses, infants, and children, during the sensitive and vulnerable early developmental and growth stages. Among heavy metals, arsenic is considered the most hazardous and toxic contaminant originating from environmental, medicinal, and occupational sources 1, 2 , such as contaminated drinking water, silicon-based computer chips, pesticides, and feed additives for swine and poultry . In most populations, 85% of InAs is methylated to at least MMA and mostly to DMA 5 . The arsenic methylation process is considered a detoxification process because MMA V and DMA V are less toxic than is InAs 6 . Arsenic exposure is associated with lung, liver,
. Arsenic toxicity depends on the total arsenic concentration and its oxidation state and chemical form 4 . InAs is methylated to MMA V and DMA V , which are subsequently converted in arsenic metabolism to monomethylarsonous acid (MMA   III   ) and dimethylarsinous acid (DMA   III   ) , respectively, and excreted in the urine in addition to unmetabolised InAs, namely arsenate (As V ) and arsenite (As III ) 2 . In most populations, 85% of InAs is methylated to at least MMA and mostly to DMA 5 . The arsenic methylation process is considered a detoxification process because MMA V and DMA V are less toxic than is InAs 6 . Arsenic exposure is associated with lung, liver,
. The epidemiological burden caused by arsenic-induced environmental toxicity exerted negative effects on the growth and development of children and is a serious concern worldwide 9 . Neurotrophins, including nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3, and neurotrophin-4, which act on p75NTR, TrkA, TrKB, and TrkC receptors, regulate various neurodevelopmental functions 10 . Neurotrophin-mediated endocytic trafficking regulates various developmental events, such as synaptogenesis, axonal growth, and even degenerative changes 11 . A recent molecular study reported that precursor and mature BDNF inhibit Schwann cell migration 12 . The nervous system maintains the most appropriate connections through competition among neurons for limiting the amount of neurotrophins produced by target cells 13 . Defective neurotrophin functions in the brain caused by a combination of environmental and genetic factors may result in many neurological diseases 14 . Inhibitory effects of recombinant human neurotrophin on arsenic trioxide-induced neurotoxicity were reported 15 . Children with developmental delays have a lower health status, including HRQOL and functional performance, than do those with typical development 16, 17 . Although with a relatively small sample size, we previously reported that higher urinary total arsenic levels and a lower arsenic methylation capacity with a higher MMA V % and lower DMA V % are associated with developmental delays in preschool children in a dose-response manner 16 . However, no study has established evidence regarding the arsenic methylation capacity and health status of children. Therefore, the present study evaluated the association between the arsenic methylation capacity and developmental delays in a larger sample and explored the association between this capacity and the health status of children.
Results
The sociodemographic characteristics of the children and their mothers are shown in Table 1 . The diagnosed developmental delays comprised cognitive dysfunctions (n = 5), speech-language delays (n = 14), gross and fine motor delays (n = 13), social and emotional delays (n = 12), global delays (n = 65), and unclassified delays (n = 11). Furthermore, we observed unclassified developmental disorders (n = 35), attention deficit hyperactivity disorder (n = 37), mental retardation (n = 14), autistic spectrum disorder (n = 10), articulation disorder or stuttering (n = 9), cerebral palsy (n = 7), and central nervous system-related disorders (n = 8). The mothers of the children with developmental delays had a significantly lower educational level than did those of the children without delays. Table 2 presents the parent-reported health status and family functioning of the children. The children with developmental delays showed a significantly lower HRQOL and poorer functional performance than did those without developmental delays. Compared with the parents of the children without developmental delays, those of the children with developmental delays reported a significantly lower HRQOL, higher family influence, and increased psychological distress. We performed stratified analyses of urinary arsenic indices according to the age and sex of the children and educational level of their mothers. The results revealed that these indices were not associated with the age and sex of the children. Moreover, the children of mothers with a higher educational level exhibited a significantly higher DMA V % (91.75 ± 0.72 vs. 88.89 ± 0.90, P < 0.05), whereas those of mothers with a lower educational level had a significantly higher MMA V % (4.47 ± 0.48 vs. 2.91 ± 0.44, P < 0.05; data not shown). Table 3 shows the dose-response association between the urinary arsenic indices and developmental delays. After adjustment for multiple variables, namely age, sex, educational level of the mothers, and urine creatinine, trend analyses of exposure strata in tertiles revealed the following dose-response associations. The association of developmental delays with the total urinary arsenic concentration, InAs%, and MMA V % was significantly positive, whereas that with DMA V % was significantly negative. These findings are consistent with our previous study regarding the association between the arsenic methylation capacity and developmental delays 16 , although the sample size was larger in this study. Table 4 presents the association of the arsenic methylation capacity with the health status, namely the HRQOL and functional performance, of the participants determined using multiple linear regression analyses after adjustment for age, sex, and educational level of the mothers, according to the developmental status of the children. MMA V % showed a significantly negative association with the HRQOL (− 1.19 to − 1.46, P < 0.01) and functional performance (− 0.82 to − 1.14, P < 0.01), whereas DMA V % showed a significantly positive association with the HRQOL (0.33-0.35, P < 0.05) and functional performance (0.21-0.39, P < 0.01-0.05) in all children; the children with developmental delays demonstrated a similar tendency. However, in children without developmental delays, the association among MMA V %, psychosocial health, and global functioning was significantly negative and that among DMA V %, HRQOL, and functional performance was absent. In both groups, the total urinary arsenic concentration and InAs% were not associated with the health status, namely the HRQOL and functional performance (data not shown).
Discussion
The present study provides further evidence regarding the dose-response association between poor arsenic methylation capacity and developmental delays. The health status, namely the HRQOL and functional performance, In Taiwan, humans may be exposed to arsenic through drinking water, edible oil, cereals, rice, and seafood 16 . Approximately 70% of organic and inorganic arsenic is excreted through the kidney via urine 7 , and a small portion is excreted through the skin, hair, nails, and faeces 18 . Therefore, urinary arsenic speciation profiles are crucial for investigating the metabolism, toxicity, and transformation of ingested arsenic 19, 20 , and they can be used as effective biomarkers for internal dosing 3 . By contrast, total arsenic in blood is an imprecise biomarker of exposure because of the relative toxicity and methylation efficiency of the different arsenic forms and the short-term effect of the exposure measure compared with total lead in blood 21 . Therefore, we used urinary arsenic species rather than blood arsenic levels to identify the association of the arsenic methylation capacity with developmental delays and the health status of the children in this study.
The primary metabolic pathway of InAs facilitates arsenic elimination through its methylation to MMA and DMA 22 . Physiological S-adenosylmethionine (SAM) is necessary for the methylation of InAs to MMA and subsequently to DMA 23 , and both methylation steps are catalysed by arsenic (+ 3 oxidation state) methyltransferase (AS3MT) 22 . SAM is biosynthesised through folate-and cobalamin-dependent one-carbon metabolism 22 . The arsenic methylation capacity is regulated by various enzymes and arsenic metabolism-related genes, such as AS3MT, purine nucleoside phosphorylase, and glutathione S-transferase omega 2 24 . Gene polymorphism in the one-carbon metabolism pathway through plasma folate and homocysteine metabolism may further lead to the risk of cancer 25 . Future research must identify the association between arsenic metabolism-related genes and developmental delays in children.
Various factors affect arsenic methylation in arsenic-exposed humans, including age, gender, race, lifestyle, inherited genetic characteristics, socioeconomic status, smoking, drinking, exposure route, arsenic species, and dietary factors such as fish, jaggery, tea, fruit, vitamins, N-acetylcysteine, glutathione, and zinc 6, 9, 26, 27 . The arsenic methylation capacity was higher in children having a higher consumption of folate, meat, eggs, red-orange vegetables, and green leafy vegetables and higher body mass index 9 . For urinary arsenic species measurement, the participants were suggested to not consume seafood for at least 3 days before urine collection because of increases in DMA V metabolism 28 . However, recent studies have reported that individual arsenic methylation patterns remained fairly stable for 5 days following arsenic ingestion 29, 30 . We evaluated the association of the arsenic methylation capacity with development delays and the health status rather than the factors associated with the effects of the arsenic metabolism capacity on urinary arsenic excretion in children. Therefore, in this study, we neither assessed the factors related to arsenic metabolism, including neurotrophins and dietary state, nor restricted the diet and nutrition of the children during the intervention period. We could not determine the exact major exposure sources of arsenic in children; however, the urinary arsenic indices measured here can account for exposure to all sources 16, 31 . The association between arsenic metabolism genes and poor arsenic methylation capacity and their associations with developmental delays warrant further investigation.
Studies have reported that arsenic can cross the placental barrier [32] [33] [34] . We could not rule out the possibility that developmental delays are caused by the arsenic exposure of the children rather than that of the mothers during pregnancy. Therefore, we further analysed the urinary arsenic methylation profiles of the mothers. These profiles showed no statistically significant differences in total urinary arsenic (15.02 ± 1.85 μ g/L vs. 16.67 ± 2.28 μ g/L, P = 0.58), InAs% The results favour the speculation that developmental delays are caused by the arsenic exposure of the children rather than that of their mothers during pregnancy. However, because of the cross-sectional study design, additional longitudinal studies are required to confirm the speculation.
Although both MMA and DMA are methylated via similar pathways, MMA is considered more toxic than the other metabolites 35 . Decreased arsenic methylation capacity with high MMA% in urine is related to an increased cancer risk, noncancer diseases, and developmental delays 16, 35 . We demonstrated positive correlations between DMA V % and the health status, namely the HRQOL and functional performance, and negative correlations between MMA V % and the health status. A possible explanation for these results is that a lower arsenic methylation capacity with lower MMA V % and higher DMA V % is either genetically related or influenced by environmental factors, such as long-term dietary and nutritional patterns 29 , which may be associated with the developmental status of the children; it further affects their health status, including the HRQOL. Because of the cross-sectional study design, future follow-up studies for children enrolled for a certain amount of time are indicated to determine whether the developmental delays can be alleviated and whether the HRQOL can improve with therapeutic interventions, such as changing their dietary habits and increasing the vitamin dosage.
The association of the arsenic methylation capacity with developmental disabilities evidenced by a deteriorated health status of the children was not as significant as that of the arsenic methylation capacity with developmental delays. Poor arsenic methylation capacity may contribute to developmental delays in children through various mechanisms. Furthermore, because of the case-control design with an exposure-outcome timeline constraint, we can claim only the presence of an association of arsenic exposure with developmental disabilities and could not differentiate this association from that of arsenic exposure with developmental delays in the present study. In addition, developmental delays themselves, rather than poor arsenic methylation capacity, may account for developmental disabilities in children. Therefore, the association between the arsenic methylation capacity and developmental disabilities in children may be caused by developmental delays. Additional longitudinal studies must explore the association of arsenic exposure with developmental delays and disabilities in children.
Arsenic exposure can cause developmental neurotoxicity in rat brains 36 . The oral administration of arsenic resulted in neurochemical and behavioural alterations in an animal model 37 . The exposure of pregnant rats to low InAs concentrations through drinking water during gestation and lactation can result in the delayed development of sensory-motor reflexes in rat pups and decreased development of locomotor activity in adult rats 38 . Arsenic exposure affects learning and concentration because arsenic can invade the blood-brain barrier 39 . A prospective cohort study conducted in Bangladesh reported that environmental arsenic exposure in early life hinders growth by the age of 5 years 40 . In a US pregnancy cohort study, low-level in utero arsenic exposure during gestation impaired the foetal immune regulation system, potentially causing disease in the future 41 . In rural Bangladesh, high arsenic exposure reduced the cell-mediated immunity in preschool children 42 . Concurrent arsenic exposure-induced immunosuppression may contribute to the risk of chronic diseases or infections 42 . Furthermore, in paediatric populations, an inverse association existed between InAs concentrations and judgment, attention, executive function, language, memory, visuospatial function, and processing speed 43 . We previously demonstrated a dose-response association between arsenic exposure and developmental delays 16 . However, the overall evidence did not reveal a specific causal dose-response relationship between arsenic exposure and 
This study has several limitations. First, as mentioned, we could determine only associations between poor arsenic methylation capacity and developmental delays and between the arsenic methylation capacity and the health status of the children; this crucial point may affect the validity of our data interpretation. Second, because urinary arsenic concentrations were measured at a single time point, the exact sources of arsenic exposure for children remain unknown. However, the accuracy of urinary arsenic index evaluation by using spot urine samples might be reliable because all participants maintained their lifestyle and appeared to retain their homeostatic metabolism during the intervention period 16 . Third, the diagnoses of the children with developmental delays varied; therefore, we cannot extrapolate these results to a specific developmental delay in children, such as attention deficit hyperactivity disorder. However, the inclusion of participants with diverse diagnoses of developmental delays was advantageous because the sample represented various developmental delays among children assessed and treated in clinical settings. Fourth, the controls did not receive the same developmental tests as those received by children with developmental delays; therefore, we could not provide descriptive evaluation data, as provided for the children with developmental delays, to prove that the controls were true controls. Fifth, although all children with developmental delays were diagnosed using standardised developmental tests, we did not use molecular biomarkers to define the children's diseases or characterise their symptom severity. The measurement of levels of neurotrophins, at least NGF and BDNF, in urine is necessary for enhancing the validity and generalisability of the current findings in the future. Sixth, the children could not completely define their health status because they were very young, had underdeveloped communication skills, or lacked concentration to assess their own views. Although we cannot rule out some probable differences between the children's and parents' perspectives about health, we used highly valid and reliable parent-reported health measurements for children. Seventh, HRQOL data were missing for dietary interventions. In addition to genetic polymorphisms, a folate-rich diet might affect the arsenic methylation capacity. Hence, data on the amount of folate or other vitamins and drugs that were consumed during the study might have affected the arsenic methylation capacity. Further information related to diet, nutrition, and drugs is required in future studies. Finally, the sample size was fairly small; a community-based longitudinal study with a larger sample size is required in the future for generalising the results.
Conclusions
The present study confirmed that poor arsenic methylation capacity is associated with developmental delays in a dose-dependent manner in a sample larger than that of previous study. According to our review of relevant literature, this study is the first to demonstrate that poor arsenic methylation capacity (high MMA V and low DMA V ) is negatively associated with the health status, namely the HRQOL and functional performance, of children, particularly those with developmental delays.
Methods
This prospective study was conducted at Shin Kong Wu Ho-Su Memorial Teaching Hospital in Taipei, Taiwan. Children aged 2-10 years with a diagnosis of developmental delays in fine motor, gross motor, cognition, social and emotional, and speech and language domains were eligible for this study. A developmental delay was defined as according to a performance 2 or more standard deviations lower than the mean on age-appropriate, standardised, norm-referenced tests. The assessment tools used included the Bayley III Scale of Infant and Toddler Development, Preschool Language Evaluation Tool, Child Expression Evaluation Tool, Chinese Wechsler Intelligence Scale for Children (3 rd edition), Gross Motor Function Measure, and Peabody Developmental Motor Scales. The family structure, the social support system, and hearing and visual acuity were routinely evaluated. Additional electroencephalography, cranial sonography, magnetic resonance imaging, and a genetic chromosomal check-up were conducted according to the children's conditions. The detailed procedures are presented in our previous studies 16, 17 . In total, 120 children with a diagnosis of developmental delays at the early developmental intervention clinic of the hospital were included, along with their mothers. In addition, 120 age-and sex-matched children who visited the paediatric clinics of the hospital for regular developmental evaluation and did not receive a diagnosis of developmental delays during the same period were recruited as the controls, along with their mothers.
The study was approved by the Institutional Review Board of Shin Kong Wu Ho-Su Memorial Hospital, in accordance with the World Medical Association Declaration of Helsinki (ClinicalTrials.gov: NCT02523989, date of registration: Aug 13, 2015) . Informed written consent for the study was obtained from all of the parents of the children, and they granted permission for their and the children's recruitment. A well-trained examiner administered structured questionnaires to the parents for assessing the health status of the children and its effect on their family function.
Health status: HRQOL and functional performance of children. The HRQOL was measured using the parent-reported format of the PedsQL Generic Core Scales 44 . Higher scores represented a higher HRQOL. The Chinese version of the aforementioned scales yields satisfactory, feasible, reliable, and valid results 45, 46 . The PODCI was used to assess the functional performance of the children by using a parent-reported form 47 , with scores ranging from 0 to 100-100 indicates the highest level of functional performance. The reliability of the Chinese version of the PODCI is satisfactory 46, 48 .
Family functioning: HRQOL, family influence, and psychological distress of parents. The Chinese version of the World Health Organization Quality of Life: Brief Version questionnaire was used to assess the parental HRQOL 49 . Scores range from 0 to 100, with a higher score indicating a higher HRQOL. This questionnaire has satisfactory reliability 46, 49 . The PedsQL Family Impact Module was used to assess the effect of the children's chronic conditions on the functioning of their parents and family 44 . Higher scores indicate a lower effect on the family. Moreover, the Chinese version of this module has satisfactory reliability 46 . The Hospital Anxiety and Depression Scale was used to measure parental psychological distress 50 ; its Chinese version has satisfactory reliability 46, 48 .
Urine sample collection and analysis. Spot urine samples were collected from each participant, immediately frozen, and stored at − 20 °C. In all urine samples, the levels of 4 forms of arsenic, As III , As V , MMA V , and DMA V , were measured through high-performance liquid chromatography (Waters 501; Waters Associates, Milford, MA, USA) combined with hydride generation atomic absorption spectrometry (Perkin-Elmer Flow Injection Analysis System 400-AA 100; Perkin-Elmer, Waltham, MA, USA). The detailed protocol was presented in our previous study 31 . The recovery rates of As III , As V , MMA V , and DMA V ranged from 93.8% to 102.2%, with detection limits of 0.02, 0.07, 0.05, and 0.08 μ g/L, respectively. For assessing the validity of the measurements, we purchased freeze-dried SRM 2670 urine, containing 480 ± 100 μ g/L arsenic, from the National Institute of Standards and Technology (Gaithersburg, MD, USA). We detected arsenic at 507 ± 17 μ g/L in the SRM 2670 standard (n = 4). For stabilising the urinary arsenic profiles, analyses were performed within 6 months of sample collection 51 .
Statistical analysis.
The results are expressed as the mean ± standard deviation. Chi-squared and t tests were used for analysing the demographic data of both study groups. All urinary arsenic profiles were normalised using urinary creatinine (μ g/g or mg/g creatinine). The total urinary arsenic concentration (μ g/g creatinine) was defined as the sum of As III , As V , MMA V , and DMA V concentrations. The relative proportion of each arsenic species (InAs%, MMA V %, and DMA V %) was calculated by dividing the species concentrations by the total arsenic concentration. Multivariate logistic regression models were used to estimate odds ratios (ORs) and 95% CIs for determining the association between the urinary arsenic profile and developmental delay risk. Furthermore, multiple linear regression analyses were performed to identify the association between the arsenic methylation capacity and the health status of the children. Cut-off points for the values of various arsenic indices were the respective tertiles of the controls for dose-response analyses. Significance tests for the linear trend among ORs across exposure strata were performed by categorising exposure variables and considering scored variables as continuous. The potential confounding factors, namely age, sex, birth weight of the children, gestational weeks of their mothers, and urine creatinine, were adjusted in the multivariate models. All data were analysed using the Statistical Analysis Software package (version 9.1.2; SAS, Cary, NC, USA). The statistical significance level was set at a 2-sided P value of < 05. The sample size was calculated assuming a standardised effect (mean difference and standard deviation) of 0.5. To achieve 95% power at a significance level of.05, the number of participants in each group had to be at least 110 16 .
